The bilateral carotid occlusion model and a polyclonal antibody to the carboxyl terminus of the rat brain/human hepatoma glucose transporter were used to examine quantitatively changes in the transporter in ger bil hippocampal microvessels following 6-7.5 min of isch emia. The optical densities of immunocytochemically stained microvessels in the stratum lacunosum-molec ulare (SLM) below the CAl subfield were determined us ing image analysis of frozen sections from gerbils killed 2 h, 3 days, 6 days, 4 weeks, and 7 weeks after the ischemic
episode. Microvessels were sparsely distributed in the stratum oriens, stratum pyramidale, and stratum radia tum. In contrast, the SLM was relatively well vascular ized, and this distribution of microvessels persisted fol lowing ischemia. The SLM was identifiable based solely on microvessel distribution both in control gerbils and in Cerebral anoxia and ischemia have been ob served to reduce the uptake of glucose from blood to brain. Although the rate of glucose transport is normally more than adequate for brain metabolism, this may not be the case during and subsequent to ischemia. For example, in gerbils subjected to 1 h of ischemia, glucose transport in cerebral cortex after reperfusion was 30% lower than in control gerbils (Betz et aI., 1983) . Similarly, in isolated canine brain preparations subjected to 30 min of ischemia, both unidirectional and net glucose flux decreased gerbils that exhibited complete destruction of CAl pyra midal cells. The abundance of the glucose transporter in SLM microvessels remained constant, suggesting that down-regulation of this protein cannot account for re ported declines in brain glucose utilization and cell death following ischemia. Conversely, the presence and meta bolic activity of CAl pyramidal cells do not appear to be determinants of glucose transporter abundance in hippo campal microvessels. The brain/hepatoma glucose trans porter was abundant in brain microvessels and the epi thelial cells of the choroid plexus of gerbil and rat. Stain ing of hippocampal neuropil was less intense, poorly localized, and, at the light microscope level, not clearly associated with a particular cell type. Key Words: Glu cose transporter-Image analysis-Ischemia-Quan titative immunocytochemistry-Rodent hippocampus.
during the first 30 min of reperfusion and remained depressed during the next 90 min (Kintner et aI., 1980) . The impact of ischemia on glucose utilization may vary considerably in different areas of the brain (Choki et aI., 1983; Suzuki et aI., 1983) . Ger bils subjected to 5 min of ischemia and killed 30 s or 10 min after recirculation exhibited high regional 2-deoxyglucose uptake in the selectively vulnerable CAl subfield of the hippocampus, whereas cerebral cortex showed reduced uptake. However, animals killed 2 days after recirculation exhibited a strik ingly low glucose utilization in the hippocampus, especially the CAl sector.
Much recent work has focused on the relation ship between excitatory amino acids and the selec tive vulnerability of the CAl region. It has been shown that when the excitatory afferents from CA3 to CAl are removed, the short-term increase in postischemic CAl metabolism does not occur and the CAl shows decreased metabolism similar to that observed in cerebral cortex (Jorgensen et al., 1990 ). However, the mechanism responsible for this gen eral postischemic metabolic decline is unknown. If transport of glucose is down-regulated following ischemia, glucose might become the limiting factor for brain metabolism, resulting in cell injury or death. Alternatively, neuronal cell death might lead to loss of glucose transport capacity by cerebral microvessels, a finding that would have important implications for regulation of glucose transport in brain. In the CAl region any reduction in glucose transport would be exacerbated by the low density of perfused capillaries and the reported deteriora tion of capillary perfusion in the CAl after ischemia (Imdahl and Hossmann, 1986) . A reduction in trans port capacity might occur in response to a reduction in the total number of transporters, a redistribution of existing transporters from the plasma membrane, a change in the kinetic properties of the carrier, or production of a transport inhibitor. A major goal of the present study is to determine whether the dem onstrated decline in glucose utilization in gerbil hip pocampus following brief periods of ischemia is as sociated with a decline in the quantity of microves sel-associated glucose transporter.
Recently, antibodies to the rat brain/human hep atoma glucose transporter (GLUT 1) have been used to create immunocytochemical maps of the distribution of this transporter in brain (Bagley et al., 1989; Gerhart et al., 1989) . These antibodies may be used as tools to observe transporter abun dance and trafficking within cells directly. In this study we used an antibody to the carboxyl terminus of GLUT 1 to monitor the abundance of transport ers in microvessels of the gerbil hippocampus fol lowing brief periods of ischemia. Neuronal cell damage, microvessel distribution, and transporter abundance were assessed in gerbils with recovery periods ranging from several hours to 7 weeks. In addition, we used a similar quantitative immunocy tochemical method to quantify transporter abun dance in the neuropil of the rat hippocampus.
MATERIALS AND METHODS

Ischemia and tissue processing
Male gerbils 10-12 weeks old were anesthetized with 2-3% halothane and placed on a warming plate that main tained rectal temperature at 37°C. The common carotid arteries were exposed and clamped for 7.5 min or slightly less if respiratory distress was observed. The shortest ischemic period was 6 min. Anesthesia was discontinued during the ischemic period. After release of the aneurysm clips, the wound was closed and treated with a topical anesthetic (Cetacaine; Cetylite Industries, Pennsauken, NJ, U.S.A.). A total of 40 gerbils was used, including sham-operated controls.
To assess damage to hippocampal pyramidal cells, the brains of 13 gerbils were removed either 2 or 6 days fol lowing the ischemic episode and prepared for cresyl vio let staining. Coronal slabs containing the hippocampus were excised, fixed for 2 h in formalin alcohol (4% for maldehyde in 70% alcohol), and embedded in paraffin. Sections through the dorsal hippocampal region were stained with 0.5% cresyl violet. To examine the distribu tion of microvessels in the hippocampus, sections were stained with antibody to glucose transporter and a hema toxylin counterstain.
For quantification of glucose transporter, the brains of 27 gerbils (recovery periods, 2 h to 7 weeks) were pre pared for image analysis. After brief perfusion with phos phate-buffered saline, slabs containing the hippocampus were excised as above and snap-frozen in isopentane at -70°C. Sections were cut at 8 f.Lm on a cryostat, fixed for 5 min in formalin alcohol, and stained with antibody to glucose transporter. Because formalin alcohol permeabi lizes cell membranes (Gerhart et aI., 1986) , both luminal and abluminal endothelial membrane transporters were accessible to the immunocytochemical reagents. To as sess the effects of possible variations in section thickness on quantitation of transporter, frozen sections from one brain were cut at 6, 9, 12, and 15 f.Lm.
To assess the distribution of transporter in the hippo campal neuropil, two adult rats were anesthetized (4% halothane), and their brains were perfused with saline and formal acetic (4% formaldehyde, 2% acetic acid) as de scribed by Bagley et al. (1989) . Paraffin sections (6 f.Lm) through the dorsal hippocampal region were stained with antibody to glucose transporter. Frozen sections of the brains of two additional rats were prepared and stained as described above except that the sections were dried and fixed for 15 min in formal acetic rather than in formalin alcohol.
Antibody and immunocytochemistry
A polyclonal antibody to the carboxyl terminus of the rat brain glucose transporter (carboxyl-terminal antise rum; CT A) was prepared and tested for specificity as de scribed previously (Gerhart et aI., 1989) . In all experi ments, controls were included in which normal rabbit serum and CTA preabsorbed with 0.5 mM carboxyl terminal peptide were substituted for CT A. Peroxidase antiperoxidase (PAP) stains of coronal sections of rat and gerbil brain were performed with antibodies and blocking reagents obtained from Dako Corp. (Santa Barbara, CA, U.S.A.). The chromogen was 3,3-diaminobenzidine (DAB), which was frozen as a 0.6% solution in Tris saline (0.05 M, pH 7.6) in volumes suitable for one experiment (Pelliniemi et al., 1980; Gross and Rothfeld, 1985) . No counterstain was employed on frozen sections used for image analysis. Optimal conditions for antiserum dilu tion, concentration of DAB, and DAB reaction time were determined as described by Benno et al. (1982a) . Accord ingly, PAP stains for image analysis were performed with an antiserum dilution of 1 :50, a DAB concentration of 0.09%, and a DAB reaction time of 6 min.
Image analysis
Ischemic and control gerbils. For each gerbil, two co ronal frozen sections containing the dorsal hippocampal region were examined using an Amersham RAS Rl000 Image Analysis System. On each section, four 400 x mi croscope fields were digitized in the stratum lacunosum moleculare (SLM) region ventral to the CAl pyramidal neurons of the hippocampus. Optical densities for all mi crovessels appearing in longitudinal section (38-68 per gerbil) were determined using the" edge" function of the computer program. This function automatically samples and calculates an average optical density for anatomical structures that have sharply defined edges between high density and low-density regions. Microvessels in cross section were not sampled because optical densities of these vessels might be expected to vary appreciably with section thickness and because the presence of a lumen in the center of the image is incompatible with the use of the "edge" function. Microvessel optical densities were av eraged for each gerbil. Subtraction of nonvascular tissue (neuropil) optical densities from microvessel optical den sities as a background correction was deemed inappro priate and was not performed (see Discussion). To cor rect for any possible variations in staining intensity from run to run, sections from control animals were stained on all of the runs, and these optical densities were used to correct all measurements for that run. A one-factor anal ysis of variance (ANOV A) was used to compare all isch emic and control groups containing five or more gerbils. Based on 95% confidence limits of optical density mea surements, this quantitative technique is capable of de tecting a change in transporter abundance of ,,;; 20%.
Effect of section thickness. To determine whether the measured optical densities of microvessels might vary with the thickness of the frozen sections, an experiment was conducted with sections cut at 6, 9, 12, and 15 !Lm from one gerbil. Three sections were cut at each thick ness, and three microscope fields were examined from each section using image analysis as described above. Thus, for each thickness, nine fields containing 56-75 mi crovessels were examined. In addition, the optical den sity of nonvascular tissue was quantified in the same mi croscope fields. The data from sections of different thick ness were compared using a one-factor ANOV A.
RESULTS
Gerbil behavior and the extent of neuronal dam age following brief periods of ischemia have been extensively described (Kirino, 1982; Suzuki et aI., 1983; Kirino and Sano, 1984) . After 5 min of isch emia, abnormal motor movement was observed in 10% and hyperventilation in -20% of the gerbils. The animals generally became active within 30-90 min after the ischemic episode, whereas sham operated control animals became active within lO IS min.
Microvessel distribution in the dorsal hippocam pus of control gerbils was observed to be nonuni form ( Figs. 1 and 2) . The paucity of vessels in the stratum oriens, stratum pyramidale, and stratum ra diatum was conspicuous next to the relatively , .. . .. ,"
, . J .:
. ;
. . FIG. 3, Gerbil hippocampus following ischemic insult. A: Cresyl violet stain of paraffin section from a gerbil killed 2 days following ischemia. CA1 pyramidal cells show clumping of nuclear chromatin (thin arrow) or extensive destruction (thick arrow). B: Carboxyl-terminal antiserum and hematoxylin stain of frozen section from a gerbil killed 3 days following ischemia reveals a glucose transporter distribution similar to that of sham-operated animals (Fig. 2B) . SR, stratum radiatum; DG, dentate gyrus. Bar = 400 fLm. The distribution of glucose transporters is similar to that of controls (Fig. 2B) . SR, stratum radiatum; DG, dentate gyrus. Bar 400 fJ-m.
highly vascularized SLM. The region of highest vessel density was located immediately dorsal to the fused hippocampal fissure. Two days after the ischemic episode, all gerbils exhibited some clumping of chromatin in CAl py ramidal cells (Fig. 3) . Destruction of these cells was extensive by day 6. Other hippocampal sectors showed varying degrees of damage to pyramidal cells. However, the pattern of microvessel distribu tion in the hippocampus remained unaltered through week 7 ( Figs. 3 and 4) . The SLM region of the hippocampus was always readily identifiable when CTA-stained sections were examined under the microscope because of the higher density of mi crovessels in the SLM.
No effect of frozen section thickness on the mea sured optical densities of CTA-stained microvessels was detected when sections cut at 6--15 fLm were examined with the image analyzer (Fig. 5 ). In con trast, a slight but significant increase in optical den sity of the neuropil was detected with increasing section thickness.
The optical densities of microvessels in the SLM region of the hippocampus were unaffected by the brief ischemic periods employed in this study ( Optical densities of mi crovessels cut in longitudinal section were quantified in mi croscope fields (400x) from the stratum lacunosum moleculare region of 12 frozen sections cut at four different thicknesses (three sections per thickness). For each thick ness, a total of nine fields containing 56-75 microvessels were examined. A one-factor analysis of variance indicated no significant differences in microvessel optical densities ob tained from sections of different thicknesses (F = 1.26; P = 0.29). Optical densities of nonvascular tissue were quantified in the same microscope fields described above (nine fields from three sections cut at each thickness). A one-factor anal ysis of variance indicated significant differences in nonvas cular tissue (background) staining among the four thick nesses (F = 4.98; P = 0.006). Error bars indicate 95% con fidence limits (n = 56-75 for microvessels; n = 9 for nonvascular tissue).
J Cereb Blood Flow Metab, Vol. 11, No.3, 1991 6). In no time period following ischemia did mi crovessels of gerbils subjected to ischemia contain measurably more or less glucose transporter than microvessels of control gerbils. However, within treatment groups, animals did exhibit significantly different microvessel optical densities, thus demon strating appreciable individual variation in quanti ties of microvessel-associated transporter. Rat brains perfused with formal acetic and em bedded in paraffin yielded tissue with superior mor phological characteristics and adequate antigen preservation for study of glucose transporter distri bution. Especially intense staining of transporter was observed when frozen sections of rat brain were fixed in formal acetic. The distribution of mi crovessels and microvessel staining were similar to the results reported for gerbil brain. Transporters were also detected in the epithelial cells of the cho roid plexus. The hippocampal neuropil, particularly in the SLM region, exhibited weak, poorly localized staining, which was nevertheless greater than that observed in normal rabbit serum or preabsorbed an tibody control sections. (The optical density of SLM neuropil in CT A-stained paraffin sections was 0.175 ± 0.003 vs. 0.115 ± 0.003 in controls.) Stain ing of hippocampal neuropil did not appear to be associated with a particular cell type, nor was it clearly associated with plasma membranes. In ce rebral cortex, no unequivocal specific staining of neuropil was observed.
DISCUSSION
The use of image analysis to measure the optical densities of PAP-stained structures has become a useful method for quantitating antigens in tissue sections (Benno et aI., 1982b; Gross and Rothfeld, 1985; Sternberger and Sternberger, 1986; Levine et aI., 1987) . Our results demonstrate that GLUT 1 in brain microvessels and neuropil may be quantified using immunocytochemical techniques. Paraffin sections are generally considered superior to frozen sections for these measurements because of the dif ficulty of producing sections of uniform thickness with a cryostat (Benno et aI., 1982a) . However, in the case of PAP-stained microvessels cut in longi tudinal section, the measured optical densities proved to be independent of section thickness (Fig.  5) , most likely because of the limited diameters of the vessels and the presence of the vessel lumen in the section. This is not the case with the weak, diffuse staining observed in the neuropil, and mea sured neuropil optical densities increased slightly with section thickness (Fig. 5 ). (Optical density measurements of rat brain neuropil were performed '" I Q) Gerbil No.
FIG. 6. Effect of ischemia on optical densities of hippocampal microvessels stained with carboxyl-terminal antiserum. Optical densities of microvessels cut in longitudinal section were quantified in microscope fields (400x) from the stratum lacunosum moleculare region of control gerbils and gerbils killed at various times following ischemia. For each gerbil, a total of four fields were examined from each of two frozen sections. An average of 53 (range = 38-68) microvessels were quantified for each gerbil.
A one-factor analysis of variance indicated no differences in optical density of microvessels among treatment groups (F = 1.43; p = 0.27). Error bars indicate 95% confidence limits (n = 38-68).
on paraffin sections.) Background subtraction as suggested by Benno et ai. (1982a) was not per formed since optical density measurements in the neuropil clearly do not serve as appropriate back ground controls for microvessels. A recent immunogold study (Bagley et aI., 1989 ) reported extensive staining of rat neuropil using an antibody to a 16-amino acid carboxyl-terminal pep tide. Immunoreactivity was especially evident in the outermost layer of the neocortex and the mo lecular layers of the dentate gyrus and the hippo campus (especially the SLM region). Using the PAP method and CTA (an antibody to a 13-amino acid carboxyl-terminal peptide), we have also observed diffuse, poorly localized staining of neuropil in the hippocampus, but we remain cautious regarding the interpretation of this finding. Glucose transporter in endothelial cells is clearly localized in the plasma membranes (Gerhart et aI., 1989) , and one would expect to see similar association of transporters with cell membranes in neuropil rather than the dif fuse staining actually observed. An electron micro scope study demonstrating specific localization of transporter in neuropil cell membranes would be desirable to clarify these observations.
In the current study, quantitative immunocyto chemistry was used primarily to examine GLUT 1 in hippocampal microvessels following ischemia. The apical dendrites of the CAl pyramidal cells ex tend ventrally, their terminal ramification occurring in the SLM region. In the gerbil, this region is more highly vascularized than other regions of the hip pocampus ( Figs. 1-4) . Kirino (1982) described his-tological changes in the gerbil hippocampus follow ing 5 min of ischemia. After 4 days, the SLM neu ropil appeared spongy as a result of the presence of numerous vacuoles, and the postsynaptic sites had degenerated. After 21 days, proliferation of glial cells and tissue shrinkage were observed. Our re sults show that none of these changes in the SLM are accompanied by changes in the vascular pattern or the abundance of glucose transporter in mi crovessels. Our data are compatible with the notion that the special properties of the endothelial cells comprising the blood-brain barrier are related to the presence of glial cells (Janzer and Raff, 1987; Maxwell et aI., 1989) and not to the metabolic ac tivities of neurons.
We conclude that reported declines in brain glu cose utilization in the CAl sector following ischemia most likely result from a combination of reduced capillary perfusion and lower metabolic demand from dead or damaged neurons and not from down-regulation of the glucose carrier or changes in microvessel distribution. We have found no rela tionship between ischemia and the abundance of microvessel glucose transporters in the gerbil hip pocampus. Although this finding is consistent with, and has been suggested by, the findings of other workers (Pulsinelli et aI., 1982; Suzuki et aI., 1983) , it does not exclude the possibility that changes in glucose transport might occur as a result of altered activity of the glucose carrier protein. 
